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ABSTRACT

Design of a Sweeping Impedance Probe for the SPORT Mission

by

Caleb W. Young, Master of Science

Utah State University, 2020

Major Professor: Charles M. Swenson, Ph.D.
Department: Electrical and Computer Engineering

In our modern world satellite systems are an evermore common part of day to day life.
Reliable communication from the ground to these satellites is becoming more and more
necessary. Plasma scintillations in the ionosphere can make these communications difficult
or even impossible. By gaining a better understanding of these scintillations, times of bad
satellite connection can be predicted in the same way terrestrial weather gets predicted
and reported today. The objective of the SPORT mission is to gain a better understand-
ing of these plasma scintillations. In order to measure plasma density, and gain a better
understanding of plasma scintillations, a Sweeping Impedance Probe (SIP) can be used.

It is proposed that the SIP for the SPORT mission be a digital rework of a probe used
on the ASSP mission. By using digital processing methods instead of analog methods the
new probe can be more accurate in the plasma measurement.

This thesis will describe the theory and design of the SPORT SIP and its advantages
over previous analog methods. The design is detailed for both the analog and digital portions

of the probe along with a selection of testing data. Potential changes are also discussed.

(67 pages)
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PUBLIC ABSTRACT

Design of a Sweeping Impedance Probe for the SPORT Mission
Caleb W. Young

In our modern world satellite systems are an evermore common part of day to day life.
Reliable communication from the ground to these satellites is becoming more and more
necessary. Plasma scintillations in the ionosphere can make these communications difficult
or even impossible. By gaining a better understanding of these scintillations, times of bad
satellite connection can be predicted in the same way terrestrial weather gets predicted
and reported today. The objective of the SPORT mission is to gain a better understand-
ing of these plasma scintillations. In order to measure plasma density, and gain a better
understanding of plasma scintillations, a Sweeping Impedance Probe (SIP) can be used.

It is proposed that the SIP for the SPORT mission be a digital rework of a probe used
on the ASSP mission. By using digital processing methods instead of analog methods the
new probe can be more accurate in the plasma measurement.

This thesis will describe the theory and design of the SPORT SIP and its advantages
over previous analog methods. The design is detailed for both the analog and digital portions

of the probe along with a selection of testing data. Potential changes are also discussed.
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CHAPTER 1
INTRODUCTION

Our lives today are increasingly dependent on satellite systems. These systems provide
us services such as global imaging, global positioning, and television broadcasting. All are
incredibly useful services in our modern times. The main technology that makes these
services possible is the ability to consistently communicate from the earths surface to the
satellite. If that communication were to be removed, or just disrupted, these services would
be rendered unusable.

One such disruption that causes scintillation on radio transmissions are plasma bubbles
that often occur at night in the equatorial region of the Earth’s ionosphere. The ionosphere
is a layer of the atmosphere that contains high levels of ionized particles, electrons and
ions, referred to as plasma. Under normal conditions, the ionosphere has little effect on the
passage of radio waves between the earth and the satellites above, because the ionospheric
plasma has a very uniform density. The bubbles are pockets of low-density plasma that rise
up from the bottom of the ionosphere into the higher density plasma above. When these
bubbles appear they produce turbulence in the ionospheric plasma density and the radio
waves passing through this turbulence become diffused and can be unusable. This effect
can be compared to light passing through water. When the water is still and calm the light
passes through with little change, but when there are bubbles present the light becomes
scattered and one cannot see through the water anymore. While the plasma bubbles and the
turbulence caused by their upward rise persist, satellite communications are often stopped
until the ionosphere returns to a calm state.

Over areas of South America plasma bubbles are very common nightly occurrences,
posing troubles to industries that depend on satellite communications. For example, preci-
sion agriculture, which relies on GPS navigation, has to be stopped when a bubble forms in

the ionosphere above. For reasons such as this, being able to understand what triggers and
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being able to predict these bubbles is of major interest to countries where plasma bubbles
are common.

The scientific community needs observations of the space environment before scientific
models can reasonably be developed to predict when bubbles will happen. Observations
are needed under all possible conditions including pre-bubble, post-bubble, and during a
bubble to understand what triggers bubble formation. The measurements to be made in
space by the Scintillation Prediction Observation Research Task (SPORT) spacecraft, along
with ground based radars and ionosondes, will provide the data need to develop and test

models to predict when these bubbles occur.

1.1 The SPORT Mission

The SPORT mission is a CubeSat mission that is geared toward learning and under-
standing more about what gives rise to these plasma bubbles and how scintillations are
caused by the ionosphere. The mission is a joint science mission between the United States
of America (USA) and Brazil. In the USA, Utah State University (USU), University of
Dallas Texas (UTD), Marshall Space Flight Center (MSFC), Goddard Space Flight Cen-
ter (GSFC), and The Aerospace Corporation are all organizations that will develop and
fly instruments and payloads to better understand the conditions that give rise to plasma
scintillations. In Brazil, the Instituto Teconologico de Aeronautica (ITA) will be providing
the spacecraft, flight computer, while the Instituto Nacional de Pesquisas Espaciais (INPE)
will provide communication capabilities and telemetry handling from the ground through
their EMBRACE program.

The SPORT program was selected by NASA headquarters in December of 2016 to pro-
ceed and funding was made available to the US partners in the fall of 2017. Funding for the
Brazil portion of the program occurred in early 2018. The required U.S.-Brazil Framework
Agreement was ratified in April 2018 and NASAs Office of International and Interagency
worked with the U.S. Embassy in Brazil to press for conclusion of the Implementing Ar-
rangement in early 2019. Delivery of the completed US instruments to Brazil is expected

in the summer of 2020 with launch of the spacecraft in fall 2021.



1.2 The SPORT Impedance Probe

Utah State University is providing a suite of three instruments for measuring plasma
density and temperature of the ionosphere. The USU payload will consist of two Electric
Field Probes (EFP), a Sweeping Langmuir Probe (SLP), and a Sweeping Impedance Probe
(SIP). This suite of instruments is referred to as the Space Weather Probes. Other smaller
measurement devices will also be included on the Space Weather Probes. A top level
diagram of the instrumentation for the Space Weather Probes is shown in Figure 1.1. Both
the SIP and the SLP will be used measure the ionospheric plasma density but with very
different techniques. Both probes measure the properties of a probe immersed in plasma,
but the SIP uses the AC impedance of the probe while the SLP uses the DC resistance to
determine the plasma density. An advantage of the SIP technique is that it can determine
absolute electron density, irrespective of the payload charging and surface contamination
by monitoring the changing impedance of the probe. The SLP is a technically simpler
probe to implement but can only reliably measure changes in plasma density and cannot be
calibrated to provide an absolute measurement without comparison to some other technique
such as the SIP. The impedance probe technique has been used for over fifty years to probe
the electron density in the Earths ionosphere on sounding rockets and spacecraft [1-3].
By using both the SLP and the SIP techniques together a more accurate plasma density
measurement can be achieved. The two probes will be used to check each other for proper
measurements and to provide a fallback for conditions under which one probe may not be
operating.

The SIP will be used to determine electron density by monitoring the current supplied
to a short monopole antenna when driven with a low-voltage RF signal. The probe length
(approx. 30 cm) is a fraction of the free space wave-length of the applied RF signals (1
— 30MHz) such that it has a capacitive impedance. To first order the impedance of the
probe is dependent on the average dielectric properties encompassed by the near fields that
exist between the probe and the spacecraft. Essentially, the probe and spacecraft form

a complex geometry capacitor that is filled with the ionospheric plasma. The theoretical



8 | 6 5 4 2 | 1
““““ |
fw B SCIENCE INSTRUMENTATION
) @ T ADC PCB
| Electric S Mz =
, Field I & 3 & 200ks/s
Probes -3 )
- " ADC Magnetometer -
” !ﬁ\gmﬁ 3 me“o.M_ _”:m
200 S/s
ADC
Microsemi Housekeeping
20 kS/s X )
DAC 1« SmartFusion2 oniarine
* | v FPGA
. = G ADC
|  Sweeping | - ] P Imax 50.16 pA .2nA/Count
Langmuir $g @ |
| . g b £83 » 200 kSls 2
| robe m g “#“ - 7 7 35
_Gan ADC | Imax 50.01 nA .2pA/count Digital FTDI > o
l_ 7 fa120 100 Isolators 7 7 Programmer 5
Requirements: M
Low Gain — 50piA at 18bits
High Gain — 50nA at 18bits DAg| Lo Mshs | ARM puc r
&
e 80 MS/s ]
I “#“ e DAC <
\\\\\\\\ Recomt w

Top Level Diagram of the SPORT Space Weather Instrument

| Sweeping 1 .m Antenna_|  Hs 40 MSs N i
| Impedence | 32 Ll Power System
I Burden GNDA
T o
7 Uwocm ,4T o m f GNDD
o)< 0 8 " A ______
| | —> ADC
““““ Detect 45V +18V SVA 18V.D33V.D
Phase 200 kS/s
comp M__n_vv m ADC Star Ground
P 2 kHz LPF Digital
Q % Isolators
Chassis GND_SC  GNDD GNDA
7 Omnetics Connector (21 Pin)
Legend
Analog Data Out » ﬁ _ ﬁ prosrA Center For Space Engineering
Digital Data ?mhr ) e ﬂmmw% ACK ozm%_o <ﬂwﬁ CcSIP T STATE UNNERSTY COLLEGE OF ENGIVEERING
e NEXT ASSY. N THE
N
Analog Data In e =
Power NiA
ENGINEER TTEM DWGNO. ,\A “SHT REV.
C Suerson paT SLP EEP SIP DIAGRAUS RE -
sty Augusts, 2019 s vsox [For s
8 I 6 5 4 2 I 1

Fig. 1.1




5

impedance of such probes has been studied extensively [4-7] along with their use as a plasma
diagnostic [8-10]. A probe’s impedance can change by factors of 20 in magnitude and 180
degrees in phase from its free space values over nominal ionospheric density ranges. The
dielectric properties of the plasma modify the capacitive impedance of the probe into a
complex response characterized by two resonances. The lower frequency resonance has the
characteristics of a series R-L-C circuit resonance while the higher frequency has a parallel
R-L-C circuit characteristic. The series resonance occurs at the electron gyro frequency
modified by the capacitance of the plasma sheath surrounding the probe spacecraft system.
The parallel resonance occurs at the upper hybrid frequency which is determined by the

electron density and magnetic field magnitude.

1.3 Literature Review
The Sweeping Impedance Probe for the SPORT mission is primarily based on the design

implemented on the ASSP mission. The ASSP mission will be discussed and reviewed here.

1.3.1 The ASSP Mission

The Auroral Spatial Structures Probe (ASSP) was a NASA-sponsored sounding rocket
mission that was launched in early 2015. The sounding rocket was launched to study what
happens to the Earth’s electric and magnetic fields during an aurora [11]. The rocket
contained six sub-payloads that were ejected during flight and one main payload attached
to the rocket itself. Each payload included a Langmuir Probe, Magnetometer, Electric
Field Probe, and a GPS receiver. Additionally, the main payload also contained a modified
Langmuir Probe and an Impedance Probe [11,12]. The design for the ASSP SIP was based
on designs for a Vector Network Analyzer (VNA). The operation of a VNA is to output
an AC signal to a device and calculate the magnitude and phase of the returning signal
compared to the original signal. The reference AC signal generation and the mixing to
find the real and imaginary components of returning signal were all done with dedicated
analog components. Only the processed signal components were sampled and then sent to

the ground [12].
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To increase the accuracy of the measurements, the ASSP impedance probe implemented
an oversampling method, referred to as Correlated Double Sampling (CDS). The signal from
the probe was mixed with two sets of sinusoidal signals, the usual cosine and negative sine
signals along with a sine and negative cosine (rotated 180 degrees from the original set).
This other set of signals rotates the mixed signal around the complex plane allowing for the
analog offset to be calculated and removed by finding the difference between the two mixed
signals. If there is no offset, when the secondary mixed signal is subtracted from the first
mixed signal the difference will come to zero because they are exactly opposite. If an offset
is present the difference between the two signals represents the offset [12].

The possible problem that this method presents is that the probe signals used for the
multiple mixing stages were received at different times and locations across the probe’s path
through space. By using signals from different times and locations a small amount of error
is added to the end measurement. This error is small compared to the errors removed by

performing CDS.

1.4 Thesis Statement and Research Task

It is proposed to implement the Sweeping Impedance Probe for the SPORT mission as
the research component for this Master of Science Degree. The Sweeping Impedance Probe
for the SPORT mission will use the in-phase and quadrature (I/Q) detection techniques
demonstrated on the ASSP mission. What differentiates the approach for the SIP on the
SPORT mission from the impedance probe on the ASSP mission is an increased emphasis
on digital signal processing on Field Programmable Gate Arrays (FPGAs) instead of using
dedicated analog hardware. The ASSP mission used an analog mixer to shift the measure-
ments at RF frequencies to baseband and to provide I and Q observations. Our proposed
approach for the SPORT mission will use a high-speed analog to digital converter to sample
the RF-signal and implement the mixing digitally in the FPGA. This digital mixing removes
the need for CDS that was used on the ASSP mission. The remaining analog components
of the ASSP instrument will be updated to reduce power consumption and decrease noise

within the SPORT SIP.
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Implementing more of the SIP using digital processing techniques instead of dedicated
analog hardware provides the following benefits. First, digital processing approach is less
susceptible to degradation and drift over time. Analog components may have characteristics
that change from the original calibration due the space environment or aging. Second,
digital processing is more flexible and can be changed to be mission specific without having
to make all new hardware. All that is needed to change the system is to reprogram the
digital components. This proposed shift to digital makes modifying the system for a future
mission a simpler task compared to an all analog system.

The thesis statement for the proposed research is: Can a miniature low-power sweeping
impedance probe be developed using a high speed analog to digital converter and digital

signal processing techniques that meets the SPORT mission science objectives?

1.5 Thesis Outline

The remainder of the thesis will be structured with the following chapters.

Chapter 2 will describe the design requirements that the SIP must meet to be considered
successful. This includes high level science requirements and how they were converted to
engineering requirements. How the system is designed from these requirements will be
discussed.

Chapter 3 will include details of the analog portion of the system. Designs of the analog
system will be presented along with reasoning for the design. The analog circuitry for the
RF signal handling and conditioning is described with schematic designs.

Chapter 4 discusses details of the design of the digital system. How the FPGA system
was designed and all the processing blocks will be shown. The data flow from single data
samples to processed data packets will be shown.

Chapter 5 will discuss the testing procedures to verify system functionality.

Chapter 6 will conclude and discuss future work and possible changes to the design.



CHAPTER 2
REQUIREMENTS AND THEORY OF OPERATIONS

2.1 SIP Theory of Operation

The impedance probe technique measures the ionospheric plasma by monitoring the
current that flows in response to an RF voltage applied at the input of a probe that is
immersed in the plasma. The current response depends on both the probe dimensions and
the ionospheric plasma surrounding the probe. The variation of this current response at
different frequencies provides a characteristic signature from which ionospheric density can

be determined using the theory presented in [4-7].

2.1.1 Signals and Impedances

The ratio of the current response to the stimulating voltage is used for the impedance
probe instead of just the current because it removes any variability of the driving voltage
signal in the current response. The ratio of the voltage to the current for sinusoidal signals
is the impedance of the probe. Electrical impedance is quantified as a complex valued
electrical resistance. With real valued resistances, the resistance is defined by Ohms Law as
the ratio of the voltage over the current: R = V/I. Complex impedances, Z, represent the
same ratio, but account for magnitude differences and phase differences between AC voltage
and AC current. For example, if an AC voltage signal is V' = 1e/** and the corresponding

AC current is I = 0.5¢7(@t=90°) then

Jwt )
V e _ 9d90°
1

Z=—= 0.5ed (Wt—90°)



9

From this result it is easily seen that the magnitude and phase shift from the impedance

can be generalized as a complex exponential number

7 = Ae?

where A is the magnitude gain and ¢ is the phase shift. In the example above this impedance
would represent the voltage magnitude being twice the current magnitude, and the voltage
phase leads the current phase by 90 degrees. This form is known as the polar form of a
complex number. Figure 2.1 gives a visual representation of how impedance affects an AC
signal.

This complex exponential representation gives a very convenient way to see what is
happening to a signal by showing the magnitude change and the phase change in a sin-
gle value. By exploiting the simple structure, systems can be designed to calculate the

magnitude change and phase change individually to find the impedance.

2.2 Probe Model

The SIP for the SPORT mission will make use of a short monopole probe driven
with a low-voltage (10 mV) RF signal. The probe length (30 cm) is a fraction of the
free space wavelength of the applied RF signals (1-30MHz) such that it has capacitive
impedance. The impedance of the probe immersed in the plasma is dependent on the average
dielectric properties encompassed by the near fields that exist between the probe and the
spacecraft. Essentially the probe and spacecraft form a complex geometry capacitor that is
filled with the ionospheric plasma. The theoretical impedance models have been well defined
by previous research [4-7] as well as how they can be used as a plasma diagnostic [8-10].
Magnitude and phase plots of the theoretical impedance seen on the probe with different
plasma densities are shown in Figure 2.2.

Using these models as background, measurements from a probe in the plasma can be
used to calculate the plasma density at the time of the measurement. It is noted that in

the phase plot that as the plasma density increases the frequency at which the impedance
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moves from inductive to capacitive also increases. There is also a maximum value of the
magnitude found at the same frequency. This frequency is referred to as the upper hybrid
frequency. Finding this upper hybrid frequency will be the primary method of calculating

the plasma density.

2.2.1 1I/Q Sampling
The complex impedance of the probe in the plasma, Z, can be represented in either
polar or rectangular form:

A’ =T +5Q

where the relation between [,Q and A, ¢ is given by:
A=+I?+Q? (2.1)

— 23

I = Acos(¢) (2.3)
Q = Asin(¢). (2.4)

There are both algorithms and instrumentation to detect either the magnitude/phase
or the I/Q representations of the impedance using either analog or digital systems. Both
magnitude/phase and I/Q require some type of reference signal to compare against so as
to determine the timing of the voltage relative to the current, or phase shift.

The I/Q representation of the impedance is found through the use of multiplication of
the signal with a reference signal using either an analog mixer or with digital multiplication,
depending where in the signal chain the analog to digital converter is placed. The advent of
high sampling speed analog to digital converters (ADCs) allows for the digitization of the
RF (1-30MHz) current signal directly. The analog mixer and its non-ideal characteristics
are avoided and the I/Q detection can be accomplished using digital processing that is ideal,

noise free, and do not drift with temperature. These are the same techniques as commonly
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referred to as software-defined radio in which a high speed ADC is followed by digital signal
processing algorithms. Because of these advantages the digital 1/Q method will be used in
the USU SIP to detect the impedance of the probe.

Figure 2.3 shows the implementation of the mixing operation. A derivation of this
implementation is as follows.

To calculate the I/Q samples, trigonometric identities are exploited. It is known that
1
cos(a)cos(B) = i[cos(a + ) + cos(a — B)]. (2.5)

By applying a low-pass filter, the double frequency term can be removed and the

remaining signal is

—_

[cos(a — B)]. (2.6)

cos(a)cos(B) ~ 3

If the AC current signal returning from the probe, R, is R = Acos(f + ¢) and we have

the signals cos(f) and cos(f + pi/2) available then by using Equations 2.3, 2.4, and 2.5 we

get:
Rcos(f) = gcos(gf)) = g (2.7)
Rcos <f + %) = g[cos (d) — g)] = gsz’n(qﬁ) = % (2.8)

Thus, by taking the received signal and multiplying it with cos(f) and cos(f + %),
then filtering, the I/Q data is directly found. This simplicity is what makes using the 1/Q

method an attractive option for impedance measurements. To implement this approach,

—Sine
Cosine
From Probe ‘;X\ I
vy ~
> X\ Q >

Fig. 2.3: Block diagram of the mixing operation



14

the cos(f) and cos(f + ) signals will need to be generated along with the output signal.
Note that cos(f + §) = —sin(f).

By using Equations 2.1 and 2.2, the magnitude/phase can be found if needed as

g + = =A/2 (2.9)

tan™* (Cg) = ¢. (2.10)
I

Lingering scale factors can be compensated for in calibration if needed.

2.2.2 System Overview

The full SIP system to find the I/Q samples is shown in Figure 2.4.

FPGA

~

A 4

N
COSINE D/A Reconstruction Filter
NCO

—SINE < 7

y y A
A /1 —SINE COSINE

Processing Mixing < A/D RFHead
p 0 |
-

~

Fig. 2.4: High level diagram of how the 1/Q data will be generated

The digital portion of the system will be implemented in a FPGA. The FPGA will
house the start and end of the signal chain and contain all but the signal conditioning and
sampling. The process starts with a numerically controlled oscillator (NCO) to generate
the needed sinusoids. An NCO works by filling a Look-Up Table (LUT) with points of a
sinusoid wave. A phase value is used to address the LUT and output the appropriate value
to the Digital-to-Analog converter (DAC) which is later filtered. Along with the cosine
output signal, a negative sine signal is output for calculations later.

The DAC output is sent through a reconstruction filter. The reconstruction filter is
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a low-pass filter (LPF) with a steep cutoff to change the digital stepped sinusoid that is
output by the DAC into a smooth sinusoid. This smoothed signal goes to the RF Head and
the probe in the plasma. The RF Head consists of a set of transformers that decouple the
probe from the loads further down the analog chain that would affect the impedance seen
at the probe.

After passing through the probe, an impeded signal is sampled by a high speed ADC.
After being sampled by the ADC, the now digital signal is mixed with the original cosine
and a negative sine signal. These mixed signals are then low-pass filtered to get the I/Q
samples for further processing such as a tracking control loop.

There will be noise present in the I/Q samples that come from sources such as a
non-ideal original signal, non-ideal Analog-to-Digital conversion, other instruments on the
spacecraft, and so on. Multiple strategies could be employed to improve the inherent noise
on the data. Additional filtering to smooth the I/Q sample stream is one method that
could be used. Oversampling and averaging would also provide improved samples but more
simply. Both oversampling and filtering will be employed for the USU SIP.

This system can meet all of the defined requirements derived from the overall mission
requirements. As the individual components were chosen and digital system designed,
care was taken to generate samples at the prescribed rates while meeting noise and power

requirements.

2.3 SPORT Mission Requirements
The Scintillation Prediction Observation Research Task (SPORT) mission is tasked

with answering two science questions:

1. What is the state of the ionosphere that gives rise to the growth of plasma irregularities

that extend into and above the F-peak?

2. How are plasma irregularities at satellite altitudes related to the radio scintillations

observed passing through these regions?
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In order to answer these questions, mission science requirements have been defined.
These requirements are given in Table 2.1. These requirements were developed according to
the concept of a minimum mission science requirements set, such that if these requirements
are achieved then progress can be made on the science questions. These requirements cover

what all instruments on the space craft need to accomplish together.

Table 2.1: Top level requirements for the SPORT mission

The Scintillation Prediction Observation Research Task Instrumentation Spacecraft
Observational Science Measurement Instrument Space System
Approach Requirements Approach Requirements

1) What is the state of the ionosphere that gives rise to the

and above the F-peak?

growth of plasma irregularities that extend into

Observations in the
1700 to 0100 LT sector
over -30 to 30 latitude

Height profiles of the
plasma density to specify
the magnitude and height
of the F peak density in
the EA

Vertical ion drifts at or
below the F peak in the
EA

Plasma Density Profile

1) 140 to 450 km alt

2) 104 to 107 p/cm3 range

3) 20% p/cm3 accuracy

4) 1000 km along track sampling

Ion Drifts (Earth Reference Frame)
1) 800 m/s Range
2) 20,m/s precision & accuracy

3) 10 km along track sampling

GPS Occultation

Observe GPS satellite
occultation along

and to the sides of the
orbit plane to obtain

line of site TEC

Ion Velocity Meter

Observe vertical ion
drifts by angle of
arrival of heavy ions

at detector

Satellite Orbit

1) 1 year mission life

2) 40 to 55 inclination

3) 350 to 450 km altitude

4) 10 km eccentricity

Spacecraft

1) 515 Ram Pointing 1

2) 1 km position knowledge
3) 10 ms timing

2) How are plasma irreg

through these regions?

ularities at satellite altitudes related to the radio scintillation:

S

observed passing

Observations in the 2200
to 0200 LT sector over
-30 to 30 latitude

Observations of
irregularities in electron
density and E-field power
spectral density in

slope from 200 km to

200 m

E-Field (Earth Reference Frame)

1) 45,mV/m range

2) 1.1 mV/m precision & accuracy
3) 1 km along track sampling

4) 10 km - 200 m along track waves

Plasma Density

1) 103 to 107 p/cm3 range

2) 103 p/cm3 precision & accuracy
3) 1 km along track sampling

4) 10 km - 200 m along track waves

B-field
1) 56,000 nT range
2) 100 nT precision and accuracy

3) 1 km along track sampling

E-Field Double Probe
Observe probe floating
potential for AC

E-fields from irregularity

GPS Occultation

S4 scintillation index

Langmuir/Impedance
Observe DC and AC
probe response for
relative and absolute
electron density

and observe irregularities

Three Axis Magnetometer
Support VxB computation
for ion velocity and

E-Field measurements

Spacecraft Mechanisms

1) 0.6 m tip-to-tip booms

Attitude
(Post Flight Knowledge)
1) 0.05 l-uncertainty
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The requirements developed for the SPORT mission were used to develop engineering

requirements for the Sweeping Impedance Probe (SIP) on the USU Space Weather Instru-

ment. These requirements are given in Table 2.2.

Table 2.2: Derived Requirements for the USU SIP

ID | Description

R1 | The Sweeping Impedance Probe (SIP) shall have both Sweeping and Tracking
functionality

R2 | The SIP shall make measurements in the driving frequency range of 1MHz to
30MHz

R3 | A SIP sweep shall consist of 512 measurement steps made at associated driving
frequencies

R4 | The frequency associated with each step in a SIP sweep shall be reconfigurable
during flight

R5 | The measurement period for each sweep step shall have a duration of 2.5 ms

R6 | A SIP sweep shall be completed within <1.3 seconds

R7 | A period of time between the start of SIP sweeps shall be <120 seconds

R8 | Tracking mode of the SIP shall produce samples at a 40Hz rate

R9 | Tracking mode of the SIP shall track the frequency of the zero phase point of
the antenna to within 10kHz

R10 | The SIP shall measure phase to within 5 degrees of accuracy

R11 | The SIP shall measure impedances in the range of 1002 to 100k{2

These requirements reference the two modes that the probe will operate under: Sweep-

ing and Tracking.

2.5 Sweep Function

Requirements R2-R7 reference to the sweeping functionality of the probe. This sweep-

ing measures the magnitude and phase response of the probe over a range of frequencies.

This will generate data samples that can be used to generate data sets similar to the set

seen in Figure 2.2. This will be achieved by sweeping the output voltage at frequencies from

1MHz to 30MHz (R2) while measuring the impedance of the probe at each frequency. The

requirements describe the sweep function to be 512 steps long (R3) and have a duration

of 1.28s (R5,R6). The shape of the sweep function will be configurable by programming
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a table on the probe. This allows for any type of sweep: linear, triangular, or focused on
specific frequencies.

This sweeping function helps to confirm the value of the upper hybrid frequency. The
sweeping function will be in addition to the tracking function which is the primary method
of measuring the upper hybrid frequency and by extension the plasma density. Because
of this secondary nature of the sweeping function, sweeps will only happen once every two

minutes (R7).

2.6 Track Function

Whole sweeps are not necessary to calculate the plasma density; only the frequency
where the phase of the impedance goes from positive to negative is needed. If this frequency
can be tracked, then the plasma density can be calculated at a higher rate for a better
sampling of changes in plasma density. Because of this, the tracking mode will be the mode
that the SIP operates under most of the time.

Requirements R8-R12 are in direct reference to this tracking mode. The tracking
system will implement a control loop that calculates the current phase response of the probe
at the current frequency, and then adjust the output frequency accordingly. This control
loop will look for and hold at the zero phase point which is the upper hybrid frequency
(R9). The resistance of the impedance affects the steepness of the change from inductive
to capacitive impedances at the upper hybrid frequency (R10), making it necessary for
the control loop to be accurate. In order to meet the science objectives the probe must
be accurate to within 5 degrees of the true plasma impedance phase (R11). It also must

generate data at a rate of 40Hz to create a detailed enough measurement (R8,12).



CHAPTER 3
ANALOG SYSTEM DESIGN

3.1 Concept of Operations of the Sweeping Impedance Probe Analog System

Figure 3.1 presents a high-level concept of operations of the Sweeping Impedance Probe.
The objective of the system is to apply a known voltage to a probe in the plasma, and to
measure the current, ¢, that flows in response to the applied voltage. The current will be
detected with an ammeter circuit. The challenge is that the voltage source operates at RF
frequencies and the ammeter must measure the vector current, meaning magnitude and
phase of the RF signal. Another challenge is to either keep the impedance associated with
the voltage source and the ammeter low or to have the impedance be well known. This is
so that the voltage across the probe in the plasma is known and that the current flowing
in the circuit is not perturbed by the measurement approach. Of the requirements listed in
Chapter 2, requirements R2, R9, R10, and R11 are the most pertinent to the analog design.

The general approach is to digitally generate the voltage source, apply the voltage
source to the probe, measure the current that goes through the probe, and use the measured
current to find the impedance of the probe. A digital source voltage generation is needed
for the digital calculation of the impedance. If the voltage source was generated by analog
means, more analog components would be needed to sample the voltage source along with
the associated current. Because the voltage source is generated digitally a processing chain
is needed to smooth out the digital, stepped signal to limit the bandwidth of the signal. If
the voltage source is properly generated, the signal spectrum will consist of nearly one single
frequency leading to accurate measurements. The full source generation chain consists of
an NCO housed on the FPGA, a high speed DAC, and filtering. The source generation was
partially moved inside the FPGA by necessity for the digital processing.

Once the voltage source is generated and conditioned it is passed to the probe. The
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Fig. 3.1: Conceptual diagram of the analog system

probe is isolated between transformers with one of the transformers being a current trans-
former to convert the current to a voltage for measurement. A high speed ADC then
measures this voltage. In the rest of this chapter each of these elements of the impedance
probe analog electronics will be discussed and will be generally described. How they are

meeting the design requirements will also be discussed.

3.2 Source Generation

To generate the input signal for the probe a narrow-bandwidth voltage signal will need
to be created. Secondary frequency content needs to be as small as possible to not affect
detection of the upper hybrid frequency. Noise on the signal should be low for the same
reason. With these goals in mind, the system seen in Figure 3.2 was used. Full schematics
can be found in Appendix A.

In Figure 3.2 the signal flows as follows:
1. A sinusoid is generated by the FPGA using an NCO
2. The digital sinusoid is sent to a high speed digital to analog Converter (HSDAC)

3. The sinusoid is sent through a Low-Pass filter (LPF) to remove high frequencies
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Fig. 3.2: Diagram of the Signal Generation chain for the SIP
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This system when implemented properly will generate a very clean single frequency
output. The system does have adjustability built in to add further control for a consis-
tent output no matter the frequency being generated. Each portion of this design will be

explained in detail here.

3.2.1 NCO Output and High-Speed DAC

As was discussed in Chapter 2 the generation of the output sinusoid starts inside an
FPGA. The NCO module outputs a value over a parallel bus to a HSDAC for conversion.
The HSDAC used for the USU SIP uses a differential current output instead of a voltage
output. By using a differential current output, the HSDAC is able to decrease noise and
provide a wider voltage range than single ended DACs [13]. To convert the current output
to a voltage, the output currents are passed through a resistor, creating a voltage from the
current difference. The value of the resistor used at the output of the HSDAC depends on
the desired voltage. If a higher voltage is needed, a larger resistor can be used, or smaller
if lower voltages are desired.

The voltage source at this point is stepped because of the digital generation. To remove
these steps and the high frequency content that they contain, the signal is next sent into a
filtering stage. Along with the data input from the NCO, the HSDAC has a full scale adjust
(FS_ADJ) input. This input is used in conjunction with the filtering and will be discussed

in section 3.2.2.
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3.2.2 Reconstruction Filter

Because the output sinusoid originates from digital synthesis, rather than an analog
origin, the output is stepped. These steps bring with them high frequency content. This
high frequency content needs to be removed, thus a reconstruction filter is needed. This

concept is illustrated in Figure 3.3.

| / \ )
——»|  Reconstruction Filter \ /

Fig. 3.3: Conceptual diagram of the reconstruction filter

The reconstruction filter was designed under the following requirements:

1. The filter needs to pass frequencies from 1MHz to 30 MHz, to facilitate full sweeping

and tracking functionality
2. Frequencies higher than 30MHz need to be filtered out as much as possible

3. The passband gain should be as flat as possible to not affect the magnitude measure-

ment when comparing impedances at different frequencies

These design requirements stem from requirements R2, R9, and R11 presented in Chapter
2. The filter architecture that was selected to fulfill these requirements was a 7th order
elliptic filter. Elliptic filters have the highest ratio of passband to stop-band gain but that
comes with a trade-off of ripples in both bands [14].

Ripples in the stop-band have a negligible effect on the filter performance as long as
the overall stop-band is a sufficient number of dBs lower than the passband. Ripples in the
passband, on the other hand, will have a major effect on the accuracy of the impedance
measurement. These ripples can be reduced by careful choice of component values in the
filter, reducing this problem to an extent. The magnitude and phase response of the designed

filter is shown in Figures 3.4 and 3.5, respectively.
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Ripples in the passband are still present and need to be addressed to meet the design
requirements. The passband magnitude can be flattened by changing the magnitude of the
signal going into the filter. Along with the primary HSDAC that outputs the sinusoid, a
second DAC is used to control the amplitude of the output signal. The FS_ADJ pin on the
HSDAC is used to set the maximum current output from the HSDAC. By using the second
DAC, the FS_ADJ pin can be controlled manually, controlling the maximum current output
of the HSDAC. During calibration the magnitude of the filter will be measured at different
frequencies, and the voltage of the DAC can be set per output frequency to smooth the
overall output of the signal generation.

By maintaining the amplitude of the voltage source and filtering out much of the high
frequency content, the primary source of variation of the probe excitation is the frequency of
the input. This aids in meeting the measurement precision requirements since any variation
other than frequency will affect the calculated impedance.

In previous missions, including the ASSP mission, to account for the phase response
of the analog system a reference signal was generated. This reference was sent through the
same analog components as the measured signal minus the probe itself. This signal then was
used to perform the mixing. Because the only phase difference between the two signals was
that of the probe, the measured phase offset was accurate. Because the SPORT SIP does
all processing digitally, this method would require a second ADC to sample the reference
channel. It was decided to not use the reference channel method to avoid the extra power
draw that a second ADC would use. The high speed ADC used to sample the probe signal
is one of the highest power parts of the entire analog system, so using two of those parts
was not possible within the targeted power budget. The digital method to compensate for
the analog phase shift is discussed in Chapter 4.

Op-amps are placed before and after the reconstruction filter to decouple the HSDAC
output, filter, and loads from each other while maintaining the desired characteristics of
each stage. The op-amps were chosen to have sufficiently high gain-bandwidth product,

and low enough noise for this application. Lower noise amplifiers could have been used at
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the expense of higher power consumption.

3.3 Current Measurement

To measure the impedance of the probe in the plasma the following is needed: to apply
the source to the probe with minimal current leaks or other parasitic impedances, and to
measure the current with as little noise added in the conditioning as possible. Both are

discussed below.

3.3.1 RF Head

Once the generated sinusoid has been filtered it is sent to the probe. The RF Head
is the system that applies the voltage source to the probe and protects the current from
parasitics that would affect measurement accuracy. The RF Head is made of transformers
around the probe connection to aid in isolating the probe effects from any loads or parasitic
currents. Figure 3.6 shows a diagram of the probe in the ionospheric plasma and how it
fits within the RF Head. In Figure 3.6 the probe component includes the physical probe
and the plasma between the probe and the spacecraft. The interaction between the probe,
plasma, and spacecraft body was presented in Chapter 2. For this model of the system, the
probe and plasma act as an R-L-C circuit. This R-L-C circuit can be analyzed by comparing
the voltage and current in the system. As discussed in Chapter 2, if the current can be
measured it can be compared to the voltage using the I/Q method to find the response of

the probe. To capture the current through the probe and plasma a current transformer is
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Fig. 3.6: Diagram of the RF Head circuit
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used. The current through the probe side of the transformer is converted to a voltage by a
load resistor and is then measured by an ADC after being amplified.

Preventing parasitic currents is important for accurate measurements. To prevent any
effects on the measurement from these currents, the connection to the probe is guarded.
The probe connection is made with shielded wire. The shielding on the wire is grounded
to prevent parasitic currents from reaching the current at the probe. To have shielded wire
in the transformer, the transformer is hand-wound and attached to the circuit board after
fabrication. The guarding aids in meeting requirements R9 and R10.

At the end of this processing chain is a set of op-amps that amplify the voltage out
of the current transformer. This gain should be as high as is necessary to reach the full
scale input of the ADC. If a signal that is input to the ADC is full scale, the signal will
have peak amplitude equal to the maximum voltage that the ADC can measure. All ADCs
have an amount of noise inherent in the measurement. This noise is commonly measured
in counts in the measurement, where counts is the digital number output by the ADC. By
providing a full scale input the number of counts for the signal is much larger than the
ADC’s measurement noise. This reduces the noise power from the ADC and the overall

noise in the measurement.

3.3.2 Sampling
The final step of the analog system is to sample the data coming from the RF Head.
A diagram of the sampling system is shown in Figure 3.7. The sampling is done with

a High Speed ADC (HSADC). To sample with little noise, a differential ADC is used.
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Fig. 3.7: Schematic of Sampling System
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Using a differential ADC requires that the signal to be sampled is encoded in the voltage
difference between two input lines. To create this differential signal the circuit in Figure
3.7 is used. This circuit is the suggested method from the data sheet of the HSADC used
in the design [15]. For data transmission between the ADC and the FPGA, a parallel bus

is used to meet sample rate requirements.



CHAPTER 4
DIGITAL SYSTEM DESIGN

To control all the needed functionality of the SIP, the digital system was designed as
shown in Figure 4.1. Figure 4.1 flows generally from left to right for the system control
and right to left for measurement handling and processing. All major subsystems seen in
the design are detailed later in the chapter. The detailed figures retain the same data flow

directions for comparison to Figure 4.1.
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Fig. 4.1: Top Level Diagram Digital System

The system starts with the Mode Control block which toggles between Sweep and Track
mode. The output mode control signal is then fed to the major control blocks. Each major
control block, when enabled, manages the whole probe and set how the data measurements
are organized for packet outputs. Once the mode is set, the mode control blocks will manage
what signal is output to the probe. The Mode Control takes inputs from the microprocessor
to determine which of the modes to be in, or to alternate. If alternating between modes,
the Mode Control will time when the switch will happen (R7).

The Sweep Control subsystem will output a predefined frequency sweep, via the NCO,
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measuring the probe impedance in a frequency range of 1-30MHz. The magnitude of the
output of the FS_ADJ DAC is also controlled at each step of the sweep. This provides a
constant amplitude signal to the probe to such that any magnitude change on the measure-
ments is only from the probe and not from the other analog components. This subsystem
does not require any external inputs while enabled.

The Track Control subsystem tracks the upper-hybrid frequency of the ionospheric
plasma discussed in Chapter 2. To do this the subsystem receives the filtered I and Q
from the probe and calculates the phase of the probe impedance. At the upper hybrid
frequency the phase equals zero, providing a simple point to track. Using a control loop
with the calculated phase as the input, an output frequency is generated to track the desired
frequency. This generated frequency is sent to the NCO for output and is the data that is
packetized for tracking packets.

The data input from the ADC is first mixed to generate the I and Q data that is
then low-pass filtered and accumulated for use. In sweeping mode the I and Q data is sent
directly out as the sweep data, while the track uses the I and Q data to calculate the phase
offset. The data packetizing consists of gathering the needed data for one granule of the
full packet then handing of the data to the on board microprocessor to build the complete
packets.

The HDL for the system was written in VHDL using state machine style behavioral
design for all controllers while the data processing chain was written as RTL design. The
full development project with all the FPGA HDL and microprocessor C code is included in

Appendix A.

4.1 Signal Generation

The output signal generation system is shown in Figure 4.2. This system outputs the
proper frequency of sinusoid and accounts for the analog system response through which
the signal will pass. By accounting for the analog system response, the impedance of the

probe in the plasma can be isolated.
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Fig. 4.2: NCO and FS_ADJ System

To fully account for the system response of the analog system, both magnitude and
phase of the output has to be adjustable. By using the FS_ADJ output and two NCO
blocks, both the magnitude and phase response of the analog system can be compensated
for. For details on the response of the analog system see Chapter 3.

To generate the signal that goes out to the probe, NCO 1 and the FS_ADJ driver
output to the two DACs. The NCO controls the frequency of the outgoing signal while the
FS_ADJ controls the magnitude of the signal. To create a sinusoid wave the NCO contains
a LUT that is loaded with one period of a sine wave that is then referenced for the output.
To decide which entry in the table to use, the NCO contains a register that holds the phase
offset of the signal. Every clock cycle the NCO will increment the phase register, reference
the table at that phase, then output the data stored in the table. To adjust the frequency
of the output sinusoid the amount the phase is incremented by is input to the NCO. This
adjustable phase increment gives the NCO an output range of 0Hz to 0.5f where f is the
frequency of the NCO clock. The NCO clock for the USU SIP is set at 80MHz, giving a
possible output frequency range of 0Hz to 40MHz. For more information about the theory
of NCO operation, and specifics about the NCO used in this project, see [16].

The phase correction process was simulated using Simulink and multiple correction

methods were implemented and tested to determine what methods would best meet the
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requirements. All of the methods were based on lookup tables to correct for the known and
potential timing and phase delays within the system. The methods attempted included cor-
recting for the phase delays after the mixing by converting I and @ samples into magnitude
and phase and then adjusting the phase using a LUT. Attempts were also made to adjust
the I and Q samples directly using a LUT. All of these methods suffered from resolution
problems in that the phase could not be reasonably corrected given the bit size of the digital
words used to represent I, Q or magnitude and phase.

The method that was determined to be the most useful was to adjust the phase of the
numerically controlled local oscillators as a function of operating frequency. The outputs
from NCO 2, the local oscillator, are generated for the purpose of mixing with the measured
signal. In Chapter 2 the theory of the mixing operation was presented. In that discussion it
was shown that the mixing operation finds the magnitude and phase difference between the
input signal and the mixed signal, presented in rectangular form. If the phase difference is
what is found, the reference can be adjusted to remove any phase change due to the analog
chain. The resolution of the phase accumulating register for the NCO is such that phase
delays can be potentially controlled down to the 10 micro radian level giving precise control
of phase corrections for the system.

The response of the analog system, including the reconstruction filter, was estimated
by simulation and verified in calibration. A resistive load, which should produce a zero-
phase delay in the measurement, is used for calibration. The correction phase offset table
is constructed from the measurement of the resistive load across the frequency range of the
instrument using a zero lookup table. The observed phase delay becomes the needed phase
offset that is subtracted from the phase of the mixing local oscillator. By subtracting this
expected change with the mixing signal the only phase difference remaining in the system
is the phase change caused by the probe in the ionospheric plasma.

To adjust the phase of the mixing signals a 16-bit phase LUT is used. This table takes
the current output frequency as the input. Using the current frequency, a phase adjustment

is determined and sent to NCO 2. This phase offset will make the outputs from the two
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NCOs the same signal aside from the shifted phase of NCO 2. To assure that the NCOs
maintain this sameness of output, the NCOs will be synced at each mode change.

In order to generate the appropriate signal for each mode of operation, three-way

switches are put in front of the system. These switches are controlled by the mode controller.

They also give the option of manual control for calibration.

4.2 Signal Reception and Processing
The reception of the returning sinusoid is processed in the following order: ADC sample,

mix, accumulate, LPF, accumulate, then packetize. This process is detailed in Figure 4.3.

To Track

CTRL cos -SIN
I A

S —_——

Dat. I

i From Prob
Packetizing Accumulator LPF Accumulator ADC rom Probe
N — - Q
400Hz 200kHz 200kHz 40MHz

Fig. 4.3: Signal Reception and Processing Chain

The final measurements of I and @Q are produced at a rate of 400Hz. In the sweeping
mode the frequency is adjusted between samples. Given that the initial production of I and
Q samples is at 40MHz, the system is oversampling by a factor of 100,000. Averaging and
filtering are used to reduce the sampled data rate and also decrease the noise within the
samples, increasing the precision of the measurement. As long as the noise power in the
sampled signal is at least one ADC bit then oversampling techniques can be used to increase
the resolution of the measurement. By coupling the oversampling with the needed math
operations, mixing and filtering, data of high enough quality for the system requirements
can be measured.

The 14-bit ADC will sample at a 40MHz rate. For the driving frequencies above 20MHz
an aliased frequency will be produced and the resultant signal will be folded back into the
20MHz bandwidth. The magnitude and phase of this aliased signal can still be determined

so that aliasing is not an issue with this signal in measuring frequencies in the 20MHz to
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30MHz range.

The filtering and accumulating functions increase the number of bits needed to rep-
resent the samples similar to the operation of a delta-sigma ADC. As a general guideline,
oversampling by a factor of four provides one additional bit of resolution in the sampled
signal. Thus, an additional 8.3 bits of resolution should be provided by the oversampling
of I and Q by 10°. The resultant 20-bit values of I and Q from the 14-bit ADC with an

additional 8 bits of oversampling should be nearly noise free.

4.3 Sweep Control

The sweeping system needs to output a range of frequencies to the NCO, then for the
input to be sampled. To control this, the system in Figure 4.4 is used. The frequencies to
be output are stored in a LUT of frequency values for the NCO. There is also a LUT for
the FS_ADJ magnitude. The values in the FS_ADJ LUT correspond to the frequency at
the same address in the frequency table. The outputs from each of the tables are sent out
to create the desired signal. The controller simply increments the address for the tables to
output. The controller also controls the timing of the address steps. When disabled by the

mode controller, the sweep controller resets and waits to be enabled at the next sweep.

To
| FS_ADJ FS _ADJ Drivez
Mode "I Table ~
EN
Sweep Control Index
| Frequency ToNCO

Table

Fig. 4.4: Sweep Control System

4.4 Track Control
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The goal of the tracking system is to find the upper hybrid frequency and track it as the
spacecraft passes through the ionosphere. Figure 2.2 shows the type of impedance response
expected at the probe. Since the probe is measuring current the probe will have negated
phase from what is seen in the figure. The upper hybrid frequency is the frequency where
the phase response goes from inductive to capacitive, i.e. negative to positive. Normally a
Proportional-Integral-Differential (PID) controller would be used in this type of situation,
but because of the simple negative-to-positive nature of the response a simple gain can be
used for tracking. If the measured phase is positive the output frequency needs to be lower;
if the measured phase is negative the frequency needs to be higher. Figure 2.2 also shows
that at lower frequencies the phase is capacitive. To avoid this area, limiters are built into
the system to prevent the frequency from going too low and crossing into that range.

To accomplish the tracking, the control loop needs to calculate the measured phase,
adjust the output frequency according the phase, and limit the frequency to avoid the low

frequency capacitive region of the response. To do this, the system in Figure 4.5 is used.

Mode

Frequency Qut

0 CORDIC Accumulator

Fig. 4.5: Tracking Control Loop

First, the measured I/Q samples are brought into the loop and into a Coordinate Rota-
tion Digital Computer (CORDIC). A CORDIC is used to digitally calculate trigonometric
operations such as the inverse tangent needed to find the phase between the 1/Q values.

Once the phase has been calculated it is converted into a frequency adjustment by using

a gain. This gain will be approximately —0.1/7 counts/degree(rad). This gives a conversion
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from radial frequency to a frequency adjustment. This gain is implemented using bit shifts
and a negative accumulation for simplicity. The gain of —0.1/7 & 5 right bit shifts, and
—0.05/m =~ 6 bit shifts and so on. The system allows from one to seven shifts which gives a
gain range of —1.6/m to —0.025/7. Tuning this gain will balance how fast the system can
find the zero phase point with how accurate the tracking is. The gain is configurable on
flight.

After being calculated, the frequency adjust is accumulated into the frequency output.
The accumulator will monitor the current frequency to check for too high and too low
frequencies. If the frequency in the accumulator is either too high (> 28MHz) or too low
(< 3MHz) it will reset to a central frequency of 6MHz. This prevents the output from going
into frequencies that have undesirable phase responses. This frequency is sent to the NCOs
for signal generation.

Like the other subsystems, the tracking loop is disabled when not in use.

4.5 Data Handling and Transmission

The data from the USU Space Weather Instrument are in packet formats with different
packets for each type of measurement as well as a few other system packets. All system
packets with their full structures are thoroughly defined in [17]. For this document, only
individual granules from the SIP Sweep Packet and SIP Track Packet will be discussed. A
granule from each of these packets represents one data sample. The lager packets contain
multiple of these granules. By having multiple granules in each packet the amount of data
overhead is significantly reduced. The granule structures for the SIP Sweep Packet and the

SIP Track Packet are given in Figures 4.6 and 4.7, respectively.

Word b Bit b
15 | 14 | 13 | 12 | 11 [ 10 | o [ 8 | 7 [ s 5 4 3 2 1 0
1 SIP | (MSB 16 bit)
2 SIP Q (MSB 16 bit)
3 SIP Q (LSB 4 bit) I SIP 1 (LSB 4 bit) I NO DATA

Fig. 4.6: Granule Structure of the SIP Sweep Packet



Word b Bit b

15 14 | 13 12 11 10 9 [ 8 | 7 | & | 5 4 3 2 1 [ o
1 SIP Track (MSB 16 bit)

2 Blank SIP Track (LSB 14 bit)

Fig. 4.7: Granule Structure of the SIP Track Packet

The SIP Sweep Packet contains a 20-bit representation of each of the I/Q samples.
Similarly, the SIP Track Packet contains the 28-bit value representing the phase offset sent
to the NCO to track the upper hybrid frequency. Along with a number of these granules,
each full packet also has a timestamp of when the data was generated, a header, and
checksum.

To get the data from the FPGA into packets for downlinking, the process shown in

Figure 4.8 is used.

Mode Tracking
Frequency
Data Gathering A ;
uProcessor & <
Bit Selection | (0]

Fig. 4.8: Data Flow of the Data Packetization

The data is first gathered from the other subsystems and the desired bits are selected
from those samples. In sweeping mode there is a chance that the I and Q data will not
arrive at the same time, so the Data Packetizing block will always wait for both samples to
arrive before writing them to the FIFO.

The FIFO (First-In, First-Out) is a memory buffer used to bridge the divide between the
FPGA fabric and the microprocessor. There a few reasons the data needs to be buffered.

First, the processor and FPGA use different clocks making passing signals between the
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two more complicated than within just one of them. Second, the processor is tasked with
handling many other data streams and can only process one stream at a time. It is unknown
when the processor will get to the SIP system for data reception. The FPGA will be
continuously generating data so there needs to be a buffer separating them.

If there is data ready the microprocessor will be flagged by the FIFO. This data is read
from the FIFO and put into a packet. Once the processor has enough granules for a whole
packet, a header and checksum are added. This finished packet is held until it gets read

from the host managing the USU Space Weather Probe.



CHAPTER 5
TESTING AND VERIFICATION

The testing of the SIP is to verify the compliance of the instrument with the require-
ments presented in Table 2.2. A number of methods are employed to verify the requirements
including verification by design of the instrument, through analysis, through functional
testing and though specific calibration test procedures. Table 5.1 presents how each of the

requirements are verified.

Table 5.1: Testing needs to meet requirements

ID | Description Verification Method
R1 | Both Sweeping and Tracking Func- | By Design
tionality
R2 | Frequency output range of IMHz to | By Design and Functional Testing
30MHz
R3 | 512 Sweep measurement steps By Design
R4 | Reconfigurable during flight By Design and Functional Testing
R5 | 2.5ms Integration period per step By Design
R6 | 1.3 seconds per sweep By Design and Functional Testing
R7 | 120 Seconds between sweeps By Design and Functional Testing
R8 | Tracking rate >40Hz By Design and Calibration Testing
R9 | Find and track the frequency of the | By Calibration Testing
zero phase point to within 10kHz
R10 | Measure phase to within 5 degrees | By Calibration Testing
of accuracy
R11 | Measure impedances in the range of | By Calibration Testing
100Q2to 100k€2

Of the testing verifications listed, all that are in regards to timing, sample rates, and
sweep steps and system modes are based in the digital design of the SIP. These requirements
were tested throughout development of the digital portion of the system and do not need
any specialized testing procedures.

Verification of requirements R2, R4, R6, R7, R9-R11 do require testing to confirm
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compliance. These will be performed during system calibration. During calibration any
offsets and non-linearities inherent in the system can be found and compensated for. By
performing this calibration, compliance to the requirements can be confirmed.

The other verifications, R1-R9, are implemented in firmware and will also be verified

by analyzing the firmware design.

5.1 Calibration Hardware

To calibrate the system, external calibration loads will be used to stimulate the in-
strument. The calibration loads are purely resistive, purely capacitive, purely inductive
and tuned R-L-C circuits. In Chapter 3, the probe in the plasma was described as having
electrical characteristics similar to an R-L-C circuit. The tuned circuit calibrators are built
to this model and are used to calibrate the tracking probe. To insert the calibrator in place
of the ionospheric plasma the probe used by the system was designed to accept a load via an
SMB connector. This way the calibrator can be directly connected to the system to model
the plasma using the same electrical path. Figures 5.1 and 5.2 show the two calibrator
designs.

The Type 1 calibrators, seen in Figure 5.1, were built to do individual resistive, ca-
pacitive, and inductive testing. The Type 2 calibrators, seen in Figure 5.2, were built for
resonant testing.

Using Figure 3.6 as a guide, the calibrators will replace the ionospheric plasma in
the circuit. The J2 connector on the calibrator will connect to both the primary signal
line and the signal guard to properly replicate the probe and maintain the signal protecting
properties included in the design. The J1 connector will connect directly to the main system
ground as seen in Figure 3.6.

Once the calibrators were built they were tested using a network analyzer to document
the true characteristics of the calibrators so when they are attached to the SIP the recorded
data can be correlated to the true measured value. Details of the exact resistor, inductor,
and capacitor values used in the calibrators along with the characteristics of the calibrators

used are in the detailed testing report found in Appendix A.
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SMB_edgeMount

1

Net-(3J2-Pad1)
5
Net-(32-Pads)

2.

Net-({32-Pad2)

SMB_edgeMount

Fig. 5.1: Type 1 Calibrator

SMBledgeMount

Net- (C1-Pad2)

SMB_edgeMount

Fig. 5.2: Type 2 Calibrator
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Testing and Calibration The calibration testing procedures consisted of the folowing

four types:

1. Frequency Output Test

2. Precision, Gain, and Linearity Test

w

. Frequency Response Test
4. Frequency Lock Test

During the course of testing calibration will also be performed. This calibration will
determine the magnitude and phase response of the system without loading from the probe.

All the testing steps will be discussed with a sampling of test data provided.

5.1.1 Frequency Output Testing

Both Sweeping and Tracking modes require a controllable output frequency from the
HSDAC. It is required that this frequency can range from 1MHz to 30MHz (R2) and has
512 output steps (R3). The output frequency needs to be precise and have few spurious
frequencies.

This test can be performed with an oscilloscope that has Fast-Fourier Transform (FFT)
functionality or similar method. The SIP will be set to output a set of frequencies in the
operating range and measured by the oscilloscope. The FFT generated from the measured
output of the HSDAC can then be analyzed to see if the output frequency is as expected
and if there are other spurious frequencies present in the signal. Figures 5.3 and 5.4 show
FFT outputs from one such test.

In Figure 5.3and 5.4 the grid marks 5Mhz change in the x-direction and 20dB change
in the y-direction. Looking at Figure 5.3, the desired output frequency of 10MHz is seen
as the highest point on the plot. The next most powerful frequency is at 30MHz, but it is
approximately 30 dB down making the spurious frequencies acceptably low powered. This

signal will also be filtered to aid in isolating the desired frequency.
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Fig. 5.3: FFT of 10MHz Voltage Source

Fig. 5.4: FFT of 20MHz Voltage Source
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5.1.2 Precision, Gain, and Linearity Testing

The analog system will contain most of the system effects that require calibration.
Within the analog system the areas that will be focused on are the system precision, gain,
and linearity. Precision is in reference to how much noise is within the analog chain. This
noise can come from all of the analog parts with resistors, opamps, DACs/ADCs, and
parasitics contributing the bulk of the noise. This noise will be measured as a whole by
determining the noise power in the measured data.

To correlate the measurements accurately to voltage inputs and then to current through
the probe, the gain of the system needs to be modeled. Gain testing is testing for both,
accuracy of the gain, and to see if the gain is linear across the full range of inputs. Even
if the gain is not completely linear, the measured gain curve can be used to adjust the

measurements to account for non-linearities.

5.1.3 Frequency Response Testing

It is required that the SIP measure impedance phase to within five degrees of accuracy
(R10) and measure impedance magnitude from 10092 to 100k2 (R11). After the analog
system has been tested and calibrated, the probe measurements should match the true
response of each calibration load. This test consists of using the calibration hardware
and sweeping across the frequency range of the SIP and measuring the impedance. This
will confirm the range of measurable impedances and accuracy of the measurements. Any
deviation from the expected measurements can then be recorded as the response of the SIP
system itself and can be used as calibration data for future tests. Figures 5.5 - 5.8 show a
series of response tests that were performed after calibration tables had been filled.

In Figures 5.5 - 5.8 magnitude and phase data of resistive, capacitive, inductive, and
R-L-C loads are shown. Note that after calibration the phase of the resistive, capacitive,
and inductive tests is approximately 0, 90, and -90 degrees, respectively. As evidenced by
only primarily 0 or +£90 degrees of phase, the calibration of the system to account for the
system response is working. When the R-L-C tuned loads are used, as in Figure 5.8, the

response has the expected shape having smooth transitions from inductive to capacitive
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phase. These transitions also meet the accuracy requirements (R9, R10).

5.1.4 Frequency Lock Testing

The Tracking mode of the SIP is required to determine, and track, the Upper Hybrid
Frequency to within 10kHz (R9). This is directly tied to the SIPs ability to measure and
calculate accurate phase values. The requirement for phase measurement is to be accurate
to within 5 degrees (R10). These requirements will be met by reducing parasitics in the
analog processing chain, and by having accurate calibration data. By testing with known
loads any offsets can be found and accounted for in the processing chain. The digital system
includes the tables needed for storing and using these calibrations.

The Frequency Lock Testing can be done once a satisfactory calibration table has been
created and loaded. Figure 5.9 shows an output of the tracking system. The figure shows
the tracking output for seven tracking sessions with a sweep happening every 2 seconds.
The sweeps show up in the tracking data as unchanging times in the data. It can be seen
that the tracking finds and holds on a frequency of 4.12MHz which is accurate for the T2

calibrator.

5.2 Testing Conclusion

The engineering requirements given at the start of this chapter were derived from the
overall science requirements of the SPORT mission. If these engineering requirements are
met then the SIP will be capable of meeting the mission science requirements.

After performing the tests outlined in this chapter, the SIP was found to meet all of

the engineering requirements.
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CHAPTER 6
CONCLUSION

The Sweeping Impedance Probe built for the SPORT mission was designed to be a
more robust evolution of previous implementations of the impedance probe instrument.
The probe was designed with the priority of digital signal processing in place of analog
processing that has been used on previous probes. This shift removes some of the offsets
inherent in analog components that had to be designed around [12]. Digital processing
makes for fewer analog components which comes with less signal noise and less power usage
but does require a much more involved digital system than previous probes.

The thesis statement for this research project was : Can a miniature low-power sweep-
ing impedance probe be developed using a high speed ADC and digital signal processing
techniques that meets the SPORT mission science objectives? During this research a SIP
was designed that moved away from previous analog designs to a primarily digital system.
Digital methods were devised that accomplished the same measurement goals as analog
methods without the need for over sampling and phase shifting that was required for unbi-
ased analog measurements. The remaining analog components in the design are as minimal
as was thought possible while still gathering accurate and sufficiently measurable signals.

From the design and testing presented in this thesis report it is clear that the impedance

probe instrument was successfully redesigned and met all defined requirements.

6.1 Potential Changes

During the development of the SPORT SIP there were some decisions that should be
reconsidered if the probe was to be built again. First among these is the reconstruction
filter used to smooth the output signal. The design has an elliptic low-pass filter which
has a rapidly changing phase delay, especially at frequencies close to the cut-off frequency.

Elliptic filters have higher phase delays than other filters, such as Butterworth or Chebyshev.
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This high phase delay was only worsened by working to minimize ripples in the passband.
Working around these phase shifts required extra stages in the digital design to accurately
compensate for multiple phase wraps that came with very high phase delay. It would
be advantageous for anyone looking to recreate this probe in the future to reconsider the
design of the reconstruction filter and if such high phase delays can be reasonably avoided.
In order to not need any of the compensation for phase wrapping the reconstruction filter
would need to have a phase delay of no more than 90 degrees. By staying under 90 degrees
the total response would not cross over the 180 degree wrapping point when at capacitive
or inductive impedances.

The present design allowed for more passband ripple than was present, but there likely
would still have been need for the phase wrapping compensation as any elliptic filter would
still have large delays. In the case of the SPORT SIP, the hardware for the probe was
designed first so it was decided to retain the existing filter instead of looking into other

options. If this had not been the case the filter would have likely been revisited.
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